A finite-element model (FEM) incorporating geologic properties characteristic of a subduction zone is compared with FEMs approximating homogeneous elastic halfspaces (HEHS)s to investigate the effect of heterogeneity on coseismic and postseismic deformation predictions for the 1995 Colima-Jalisco Mw=8.0 earthquake. The FEMs are used to compute a coefficient matrix relating displacements at observation points due to unit dislocations of contactnode pairs on the fault surface. The Green's function responses are used to solve the inverse problem of estimating dislocation distributions from coseismic GPS displacements. Predictions from the FEM with heterogeneous material properties, loaded with either of the HEHS dislocation distributions, significantly overestimate coseismic displacements. Postseismic deformation predictions are also sensitive to the coseismic dislocation distribution, which drives poroelastic and viscoelastic relaxation. FEM-generated Green's functions, which allow for spatial variations in material properties, are thus preferable to those that assume a simple HEHS because the latter leads to dislocation distributions unsuitable for predicting the postseismic response.
Introduction
Three-dimensional finite-element models (FEM)s are capable of simulating tectonic deformation during all phases of the seismic cycle because they allow for heterogeneous material property distributions, complicated boundary condition and loading specifications, and contact surface interactions. These models require a dislocation source to drive the coseismic response and the subsequent poroelastic and viscoelastic relaxation.
Analytical solutions to compute Green's functions for displacement due to a dislocation are readily available [Okada, 1992] . These solutions, which include homogeneous elastic half-space (HEHS) assumptions, are often used in inverse methods to solve for dislocation distributions based on observed coseismic deformation. Alternative methods for generating displacement Green's functions, allowing for heterogeneous material property distributions, require halfspace boundary conditions [Du et al., 1997; Savage, 1998] .
Using the 1995 Colima-Jalisco earthquake as an example, we compute FEM-generated Green's functions for both drained and undrained HEHS models and for a system with spatially varying material properties characteristic of a subduction zone. Dislocation distributions are estimated from inversion of GPS displacements. We then estimate coseismic and postseismic deformation prediction errors introduced by homogeneous material property assumptions and the sensitivity to drained versus undrained conditions. The 9 October 1995 (Mw=8.0) Colima-Jalisco earthquake, which ruptured the Rivera-North American plate subduction interface (Figure 1 ), was the first significant rupture of the Middle America trench northwest of the Manzanillo trough since the 3 June 1932 (Mw=8.2) and 18 June 1932 (Mw=7.8) earthquakes [Singh et al., 1985] . Inversions, with HEHS model assumptions, of 3-D coseismic displacements from 11 nearby GPS sites suggest that the seismic moment release was concentrated in two regions, one near the northwest edge of the Manzanillo trough and the other 80-120 km farther northwest [Melbourne et al., 1997; Hutton et al., 2001] , in accord with seismologic results [Mendoza and Hartzell, 1999] .
Assumptions and Techniques: FEM
FEMs in this study were constructed with ABAQUS [HKS, Inc., 2000], a commercial finite-element code that allows for poroelastic and viscoelastic material properties and contact surface interactions. A three-dimensional FEM was designed to simulate the subduction zone along the Middle America trench (Figure 2 ). The 28-km-thick continental crust [Pardo and Suárez, 1995] of the North American plate consists of a 16-km-thick poroelastic upper crust overlying a 12-km-thick linear viscoelastic lower crust. The oceanic crust of the Rivera plate is assumed to be 6 km thick. Poroelastic effects are neglected in the oceanic crust because they are poorly constrained by the lack of offshore GPS displacements. The upper mantle extends from the base of the crust in both plates to a depth of about 200 km and is treated as an elastic material. Zero displacement is specified along the lateral boundaries and base of the problem domain. The top of the problem domain is an elastic free surface. The boundaries of the poroelastic upper crust are no-flow surfaces. Parameters chosen are as follows: poroelastic and drained elastic properties for Westerly Granite [Wang, 2000] [Turcotte and Schubert, 1982] .
The fault is a convex, deformable contact surface divided into subfaults that measure 20×10 km along-strike and down-dip respectively [Hutton et al., 2001] . Contactnode pairs are located at the center of each patch and along the top edge of the fault patches that intersect the free surface. The two lithospheric plates are welded together along the down-dip and along-strike extensions of the seismogenic portion of the interface. Initial stress and fluid-pressure conditions are geostatic.
The three mechanical systems considered are F EMA: drained HEHS, F EMB: undrained HEHS, and F EMC : a heterogeneous material property distribution and poroelastic upper crust. For the two HEHS models, upper crust material properties are specified throughout the system. Drained conditions imply fluid-pressure does not change, a condition assumed in the vast majority of studies of active faults including previous solutions for dislocation distributions of the 1995 Colima-Jalsco earthquake [Melbourne et al., 1997; Mendoza and Hartzell, 1999; Hutton et al., 2001] . Undrained conditions exist in the poroelastic upper crust immediately after a sudden dislocation because stress is transferred throughout the system much faster than fluids can flow [Wang, 2000] .
The forward solution for displacements due to a dislocation distribution in an elastic material is a linear system of equations G s = d for an a priori fault geometry, where G is the matrix of displacement Green's functions, s is a vector of dislocations for contact-node pairs, and d is a vector of displacements. Symbolically, the coefficient Gij is a displacement component at location j due to a unit dislocation of contact-node pair i. For the case of the 1995 ColimaJalisco earthquake, we consider reverse-slip only [Melbourne et al., 1997; Hutton et al., 2001] .
We inverted the 11 measured 3-D coseismic displacements from Hutton et al. [2001] to obtain the mixed-determined solution for s using damped least-squares methods. A weighting matrix is applied to the data vector to account for uncertainties. Models F EMA, F EMB, and F EMC generate GA, GB, and GC , which are used to obtain dislocation distributions sA, sB, and sC respectively. The weighted leastsquares misfits, χ 2 , from the three models are similar to those determined by Hutton et al. [2001] (Table 1) .
Dislocation magnitudes determined for an undrained material will be lower than for a drained material because undrained material properties are stiffer than their drained counterparts. The heterogeneous model (F EMC), which simulates slip along the deformable interface between oceanic and continental crust, is the stiffest of the three cases we con- sidered due to the undrained upper crust and oceanic crust and mantle properties. Predicted seismic moments are 6.9, 6.7, and 6.5×10 20 N·m for sA, sB, and sC respectively, near the mid-point of seismologic estimates.
Results

Coseismic Predictions
There are substantial differences between coseismic predictions from F EMC, loaded with sC (the appropriate load) and either sA (Figure 1 ) or sB. Predictions from both sA and sB but using the coefficient matrix GC overestimate displacements for the coastal GPS sites by as much as 250 mm, much more than the ∼6 mm displacement uncertainty. Weighted least-squares misfits from these two models are more than an order of magnitude larger than for displacements predicted by sC and using GC (Table 1 ). These differences are expected based on the inconsistency between the model used to obtain the dislocation distribution and the one used to predict the displacements. These differences are also found in previous studies that used numerical methods to estimate the importance of heterogeneity on coseismic deformation predictions [Eberhart-Phillips and Stuart, 1992; Wald and Graves, 2001] .
Postseismic Predictions
The coseismic response of the model to the dislocation load represents the initial conditions for the postseismic model. Fluid-pressure in the upper crust and shear stress in the lower crust, initiated by fault slip, drive poroelastic and viscoelastic relaxation. For a time step of 5 years after the earthquake, which allows for both poroelastic and viscoelastic relaxation contributions, F EMC loaded with sC predicts a horizontal displacement pattern of convergence toward the rupture and subsidence nearly everywhere onshore (Figure 3) .
Differences between postseismic horizontal displacements predicted by F EMC, loaded with sC versus sA, can be more than an order of magnitude greater than typical uncertainties (∼6 mm) in GPS displacements. Although differences in vertical predictions are similar in magnitude, the uncertainties in vertical GPS displacements are much higher (∼15 mm). The root-mean-squared-error in postseismic predictions, with respect to F EMC loaded with sC , for loca-tions corresponding to the 11 GPS sites is 6 mm and 5 mm for F EMC loaded with sA and sB respectively. The comparisons thus far represent the sensitivity to heterogeneous material properties.
The two homogeneous FEMs and their dislocation distributions are used to estimate sensitivity to poroelastic effects. The prediction difference between the initially undrained HEHS (F EMB), loaded with sB versus sA, approximates the error introduced by using a dislocation distribution, determined for a drained condition assumption, in a model that includes an undrained condition assumption. In this case, the maximum differences in the postseismic horizontal and vertical displacements are 18 mm and 13 mm respectively. The horizontal differences exceed the uncertainties in the GPS displacements. The dislocation distributions derived from HEHS models that assume drained conditions should thus not be used to drive models of postseismic poroelastic deformation [Peltzer et al., 1998; Masterlark, 2000] .
Conclusions
HEHS assumptions are unnecessary, except for simple first-order approximations, because FEM-generated Green's functions allow for realistic heterogeneous material property distributions, complicated boundary condition and loading specifications, and contact surface interactions. For the 1995 Colima-Jalisco Mw=8.0 earthquake, the errors introduced in both coseismic and postseismic deformation predictions by including HEHS assumptions exceed by an order of magnitude the estimated uncertainties in the GPS displacements.
